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Little is known regarding the distribution of volatile halogenated organic compounds (halocarbons) in Ant-
arctic waters and their relation to biophysical variables. During the austral summer (December to January)
in 2007–08 halocarbon and pigment concentrations were measured in the Amundsen (100–130°W) and
Ross Sea (158°W–160°E). In addition, halocarbons were determined in air, snow and sea ice. The distribution
of halocarbons was influenced to a large extent by sea ice, and to a much lesser extent by pelagic biota. Con-
centrations of naturally produced halocarbons were elevated in the surface mixed layer in ice covered areas
compared to open waters in polynyas and in the bottom waters of the Ross Sea. Higher concentrations of
halocarbons were also found in sea ice brine compared to the surface waters. Incubations of snow revealed
an additional source of halocarbons. The distribution of halocarbons also varied considerably between the
Amundsen and Ross Seas, mainly due to the different oceanographic settings. For iodinated compounds, weak
correlations were found with the presence of pigments indicative of Phaeocystis, mainly in the Ross Sea. Surface
waters of the Amundsen and Ross Seas are a sink for bromoform (saturation anomalies, SA,−83 to 11%), where-
as sea icewas found to be both a source and sink (SA−61–97%). In contrast, both surfacewaters and sea icewere
found to be a source of chloroiodomethane (SA−6–1 200% and 91–22 000 resp.). Consequently, polar waters
can have a substantial impact on global halocarbon budgets and need to be included in large-scale assessments.
© 2012 Elsevier B.V.
1. Introduction
Halogenated organic compounds (halocarbons) arise from two in-
dependent processes: human industrial activities and biogenic process-
es in the ocean. These compounds are critical to the atmosphere, as they
play an essential role in the depletion of ozone in polar regions, which in
turn has an important role in surface ecology (Karentz, 1991) and cli-
mate change (Thompson and Solomon, 2002), since ozone depletion
buffers Antarctic climate warming induced by increased carbon dioxide
concentrations. However, we know surprisingly little about the vertical
and horizontal distribution of halocarbons in the oceanor their relation-
ship to biological processes. This is particularly true for the Antarctic,
where few multidisciplinary studies have investigated the biophysical
interactions that mediate halocarbon concentrations and the rates of
their turnover.
The waters of the Southern Ocean are extremely variable both in
time and space. Broad temporal patterns are notable for the wax and
wane of pack ice (Comiso and Nishio, 2008), but even within the grow-
ing season, substantial temporal variations on scales of hours, days,
weeks and months in chemical and biological properties occur (Smith
et al., 2011a). Decadal changes in ice concentrations have been observed
(Cavalieri et al., 2004; Parkinson, 2004), and biophysical responses to re-
gional reductions in ice cover have been noted (Montes-Hugo et al.,
2009). The Ross Sea is the most productive continental shelf in the Ant-
arctic, but the Amundsen Sea also shows very high productivity (Arrigo
and van Dijken, 2004; Smith and Comiso, 2008). Both regions are
strongly influenced by the inflow of circumpolar deep water onto the
shelves through troughs (Dinniman et al., 2011), but these deep intru-
sions rarely reach the surface in the Amundsen Sea, whereas they are
mixed into the surface layer in the Ross Sea, primarily during winter in
the West (Dinniman et al., 2011). The Ross Sea has five distinct water
masses (Orsi and Wiederwohl, 2009), whereas the Amundsen Sea is
characterized by only three (Fragoso and Smith, 2012).
Phytoplankton in the Ross Sea are characterized by two functional
groups: haptophytes, dominated by Phaeocystis antarctica, and diatoms.
P. antarctica blooms largely during austral spring and dominates the
biomass through the end of December, when it normally rapidly disap-
pears, and diatom growth continues. However, substantial interannual
variations occur (Peloquin and Smith, 2007; Smith et al., 2011a), and
the fraction of annual production attributable to diatoms ranges from
13 to 57% (Smith et al., 2011a). Other functional groups are observed
(e.g., dinoflagellates, silicoflagellates, cryptomonads), but are much
more restricted in time and space. The Amundsen Sea microflora is
again poorly described, but similar functional groups have been reported
(Fragoso and Smith, 2012).
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The largest global source of naturally produced volatile halogenated
organic compounds (VHOC) is the ocean (Gribble, 2003; Quack and
Wallace, 2003). It is well known that micro- and macro-algae produce
halocarbons, but only a few studies have assessed the rates of produc-
tion by ice algae (Cota and Sturges, 1997; Sturges et al., 1993; Theorin
et al., 2002). Estimates have beenmade to evaluate the source strength
(i.e., flux) of VHOC from the ocean to the atmosphere, but the lack of
data and understanding of processes that act on these compounds
makes global models uncertain. In addition, global models fail to incor-
porate the effects of ice and snow upon ocean–atmosphere flux and as
potential sources. Given that overall annual production in Polar Regions
is small, and that models assume that VHOC production is correlated
with productivity, the Southern Ocean is therefore assumed to play a
minor role in halocarbon dynamics on a global scale. However, many
of these assumptions are yet to be empirically tested.
Some recentmeasurements of halocarbon fluxes have beenmade in
the Southern Ocean. Carpenter et al. (2007) completed measurements
in the Weddell Sea and found large positive saturation anomalies of
VHOCs, and concluded that these anomalieswere related to ice algal re-
lease from continental sea ice melt. In coastal waters of the Antarctic
Peninsula, Hughes et al. (2009) studied the annual cycle of brominated
VHOCs and found increased VHOC concentrations during the algal
blooms that occurred after sea ice retreat. However, it remains uncertain
if the results of these two studies can be extrapolated to much broader
space and time scales.
In this paper we present the results of a study of the distribution of
halocarbons in the Amundsen and Ross Seas in relation to water circula-
tion, ice coverage and biota. The study was conducted during December
and January, the period of transition from austral spring to summer, and
focused on sampling of ice, snow and the water column underneath. In
addition, experiments were conducted to assess the role of snow and
ice in the production and flux of halogenated species.
2. Materials and methods
2.1. Study area
The 2007 Southern Ocean expedition (OSO07) was conducted from
the R.V.I.B. Oden from December 2007 to January 2008. A total of 32 sta-
tionswere occupied in theAmundsen and Ross Seas (Fig. 1). Ice concen-
trations ranged from 0 to 100%, and stations were located on both the
continental shelf and slope (depths ranged from 520 to 1600 m in the
Amundsen Sea and 420–1030 m in the Ross Sea).
2.2. Sampling
Vertical profiles of temperature and salinity (and derived density)
were measured with two CTD/rosette systems: a SeaBird 911+ CTD
mounted on an epoxy-coated rosettewith 24 10-L Niskin bottles fitted
with epoxy-coated springs, and a “trace-metal clean” CTD system,
fitted with a Teflon-coated rosette and 8 30-L Go-Flo bottles (Hunter
et al., 1996). Mixed layer depths (Zmix) were calculated from the den-
sity (σT) vertical distributions and defined as depth where σT changes
by 0.01 units from the stable value within the surface mixed layer
(Smith et al., 2000). Samples for inorganic nutrients were filtered
through 0.2 μm Acrodisc filters and processed at sea within 6 h of col-
lection using a Lachat automated nutrient analyzer (Knap et al., 1996).
Water samples for halocarbon measurements were placed into 40 mL
borosilicate glass vials with Teflon-lined silicon septa (QEC) without
headspace, and stored in the dark in running surface seawater prior to
analyses. In addition, halocarbons were measured continuously (every
40 min), alternating between air and surface seawater samples. Air
was drawn through a Teflon tube attached forward of the main struc-
ture of the ship at a height of 15 m, and surface concentrations of halo-
carbons were assessed by sampling the ship's flowing seawater system,
which pumped water from approximately 8 m.
2.3. Incubations
Ice, snow and brine samples were collected for 24-hour incubations
(Supplementary material). A stainless steel ice corer was used to drill
bore holes and collect ice. Part of the ice core was immediately trans-
ferred to an incubation flask. The brine that seeped into the holes was
directly sampled in 1-L glass bottles. Care was taken to avoid creating
any head-space. The lidswere prepared with two stainless steel syringe
tips to allow for withdrawal of samples.
All incubations were performed at ~0 °C under constant irradiance of
450–550 μmol photons m−2 s−1 produced by cool-white fluorescent
bulbs. For each incubation, 5 samples were drawn at different times.
Snow and ice (~60 mL melted volume, respectively) were incubated in
custom-made glass containers (~200 mL). The snow and ice did not
melt during the incubations. For each snow or ice measurement, air of
known halocarbon composition (analyzed external air) was injected
into one of the connections with a gas tight syringe (100 mL) while air
was simultaneously withdrawn through the other luer-lock connection
with an empty syringe. The air was then pumped back and forth through
the incubation vessel between the syringes to thoroughly mix it within
the vessel. One of the syringes was then completely emptied and the
contents of the other analyzed. The production/release of halocarbons
from the snow or ice sample of the analytes detected could then be cal-
culated from:
Pn ¼
Cn  Vflask−Vsample
 
þ Vsyringe
 
−C0  Vsyringe−Cn−1  Vflask−Vsample
 
Vsample
þ Pn−1
ð1Þ
where Pn=production after n measurements in mol L−1 (snow), Cn=
measured concentration for measurement n in mol L−1 (air), Vflask=
volume of incubation flask in L, Vsample=volume of sample (snow/ice
after melting) in L, C0=concentration of air added to the incubation
flask at each measurement in mol L−1 (air), and Vsyringe=volume of
syringe used to draw samples/add air during the incubation in L.
2.4. Analytical methods
2.4.1. Halocarbons
Thehalocarbonswerepre-concentratedwith twopurge-and-trap sys-
tems: Teledyne Tekmar velocity XPT connected to an Aquatec 70
autosampler, and a custom-made system modified from Ekdahl and
Abrahamsson (1997). The modifications included changes of the trap
and temperature purge/retention program of the gas chromatograph.
The traps used in both systems were Vocarb® 3000, with a trap temper-
ature of−5 °C for the custom-made systemand ambient temperature for
the Tekmar system. The desorption temperaturewas 225 °C. The systems
were connected to gas chromatographs with electron-capture detectors
(Varian 3800). Separations of halocarbons were performed using an
Agilent DB-624 wide-bore column (60 m, I.D. 0.32 mm, film 1.80 μm).
The chromatographic conditions were a starting temperature of 30 °C at
a hold time of 7.23 min, followed by an increase in temperature to
55 °C at a rate of 5 °C min−1, raised to 69 °C at a rate of 2 °C min−1,
raised to 100 °C at a rate of 5 °C min−1, raised to 140 °C at a rate of
10 °C min−1 and raised to 255 °C at a rate of 30 °C min−1, with a hold
time of 1.50 min. The systems were calibrated with external standards
of CH3I (Fluka (>99.5%), CH3CH2I (Merck, 99%), CH3CHICH2 (Fluka,
>98%), CH2Br2 (Merck, 99%), CH3CH2CH2I (Aldrich, 99%), CHBrCl2
(Fluka, >98%), CH2ClI (Fluka, >97%), CH3CHICH2CH3 (Fluka, >99%),
CHBr2Cl (Fluka, >97%), CH2ICH2CH2CH3 (Fluka, >99%), CH2BrCH2Br
(unknown), CH2BrI (Fluka), CHBr3 (Merck, >98%) and CH2I2
(Merck, >98%) diluted from a stock solution in methanol
(Sigma-Aldrich, suitable for purge and trap analysis) in seawater to give
final concentrations of pmol L−1 in the purge chamber. The systems
were calibrated with standards every 5 days, and no drift was observed
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during the duration of the cruise. The absolute detection limits for the
compounds are in the fmol L−1 range (Supplementary material), and
the overall precision for the biogenic halocarbons were between 1 and
5%. Halocarbon data from the OSO07 expedition is archived at the
PANGEA information system, http://doi.pangaea.de/10.1594/PANGAEA.
779087.
2.4.2. Pigments
Water samples were collected for chlorophyll a, photosynthetic pig-
ments and microscopic analysis. All filtrations were completed using
low (⅓ atm) vacuum through 25 mm Whatman GF/F filters. Samples
for chlorophyll were placed in 7 mL 90% acetone, extracted for at least
24 h in cold (~−10 °C) dark conditions, thefilters removed, and the ex-
tracts read before and after acidification on a Turner DesignsModel 700
fluorometer (Knap et al., 1996). The fluorometer was calibrated before
and after the cruise using commercially purified chlorophyll a
(Sigma), which in turn was checked using high performance liquid
chromatography (HPLC). Samples for pigment analysis were collected
and filtered, wrapped in aluminum foil and frozen at−80 °C. Samples
were returned to the laboratory frozen and processed on Waters
Millenium HPLC equipped with dual-beam photocells and a fluores-
cence detector. The solvent gradients used were 80:20 (v/v) methanol:
ammonium acetate (0.5 M, pH 7.2), 87.5:12.5 (v/v) acetonitrile:distilled
water, and 100% ethyl acetate (Bidigare and Ondrusek, 1996) . TheHPLC
was calibrated with known standards that were either commercially
prepared or extracted from unialgal cultures (Jeffrey et al., 1997).
For phytoplankton abundance determinations, samples were fixed
with Lugol's iodine solution immediately after collection and stored
in the cold (~−10 °C) and dark.
3. Results and discussion
3.1. Waters of the Amundsen and Ross Seas
Three different types of water masses were found in the Amundsen
Sea: circumpolar deep water (CDW, on the continental slope),
characterized by a neutral density (γn) (Jackett and McDougall, 1997)>
28.27 kg m−3; modified circumpolar deep water (mCDW, on the
continental shelf), characterized by γn between 28.03 kg m−3 and
28.27 kg m−3; and Antarctic surfacewater (AASW,more often referred
to as Antarctic winter water, WW), which is characterized by a γnb
28.03 kg m−3 (Fig. 2). In addition to the three general water types in
the Amundsen Sea, a less saline WW was recognized in the surface
layer (often referred to as summer water, characterized by a lower sa-
linity (b34), due to melting of sea ice and/or mixing with glacial melt-
water. The Ross Sea was characterized by five different water masses:
mCDW; AASW; shelf water (SW; γn>28.27 kg m−3 and a potential
temperatureb−1.85 °C; (Orsi and Wiederwohl, 2009); modified
shelf water (mSW; γn>28.27 kg m−3 and potential temperature>
−1.85 °C); and ice shelf water (ISW; γn>28.28 kg m−3 and potential
temperatureb−1.95 °C).
3.2. Distribution of halocarbons
The Amundsen and Ross Seas showed clear differences in the spa-
tial distribution of VHOC (Fig. 3). The halocarbons were grouped into
the sum of all brominated compounds and the sum of all iodinated
compounds (bromine and iodine atom equivalents). For the brominated
compounds, bromoform and dibromomethane contributed on average
53 and 21%, respectively, in the Amundsen Sea and 59 and 23% in the
Ross Sea (Table 1). The corresponding percentages in the Amundsen
and Ross Seas for the iodinated compounds were iodopropane (46 and
52%), methyliodide (25 and 26%), di-iodomethane (11 and 11%) and
chloroiodomethane (9 and 6%), respectively (Table 1). No substantial
or significant changes were noted between the two regions with these
compounds.
In general, the Amundsen Sea had higher concentrations of VHOC
in the cold, freshened winter water (WW), which largely made up the
surface mixed layer that had been formed the previous year (Table 2).
Modified circumpolar deep water had low concentrations of halocar-
bons, except when in close proximity to sediments, indicating local
benthic sites of formation; however, these fluxes did not dominate
Fig. 1. Maps showing the location of stations where volatile halogenated organic compounds were measured. The bottom map shows the sites in the Southern Ocean that were
occupied from December, 2007 to January, 2008. The top left picture shows the locations of stations in the Ross Sea and the top right picture those from the Amundsen Sea.
Two transects (Tr 1 and Tr 2) were made, one in Amundsen Sea (Tr 1), and one in Ross Sea (Tr 2).
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water column concentrations. The most striking feature is the relation-
ship between high concentrations of halocarbons and sea ice cover. Bro-
minated and iodinated compounds had higher concentrations in the
surface mixed layer in ice-covered areas in the Amundsen Sea com-
pared to the polynya, except for CH3I and CH3CH2I.
In the Ross Sea the dominant feature was the relatively high con-
centration of VHOC found in Ross Sea bottom water (or High Salinity
Shelf Water, HSSW; (Orsi andWiederwohl, 2009), a very dense water
mass generated by the formation of sea ice and brine rejection. For
halocarbons produced in the surface water or sea ice, this process may
explain the elevated concentrations in the bottom waters. The environ-
mental half-lives of halocarbons in sea water at low temperatures are
relatively long (i.e., CHBr3 and CH2Br2 half-lives are 686 and 183 years,
respectively; (Jeffers et al., 1989; Vogel et al., 1987). Therefore, this
water may keep its halocarbon signature for extended periods of time.
Few investigations of halocarbon distributions have been made in
waters in the Southern Ocean (Abrahamsson et al., 2004a; Butler et
al., 2007; Carpenter et al., 2007; Hughes et al., 2009; Reifenhauser and
Heumann, 1992). In the Weddell Sea within 40 km of the continental
Sea ice (depth, ca. 500 m), CHBr3 has been found to reach mean values
Fig. 2. Temperature/salinity relationships for Amundsen and Ross Sea. The labels in the
diagram shows themajor water masses found: Circumpolar DeepWater (CDW)modified
CDW (mCDW), Antarctic Surface Water (AASW), Shelf Water (SW), and modified SW
(mSW). Depth varies between 0 and 4000 m. The color of the dots shows the neutral den-
sity, γn (Jackett and McDougall, 1997).
Fig. 3. Vertical sections of halocarbons from the entire water column from the Amundsen (left) and Ross Seas (right). Distance is taken from West to East within each transect oc-
cupied. Panels a) and b) show the sum (Table 1) of bromated compounds from the surface to the bottom, and panels c) and d) shows the sum (Table 1) of iodinated compounds for
the whole water column. Sea ice concentrations are indicated at the top (white=100%, blue=50%, green=0%). Black lines show the neutral density, γn, varying from 27.4 kg m−3
to 28.7 kg m−3, with 0.1 kg m−3 intervals.
Table 1
Halocarbon contributions in percent with respect of halogen equivalents. The ranges
are given in the parentheses.
Compound Amundsen Sea Ross Sea
CH3CH2CH2I 46% (21–66) 52% (39–68)
CH3I 25% (11–58) 26% (9–44)
CH2I2 11% (3–37) 11% (4–22)
CH2ClI 9% (0.2–38) 6% (2–12)
BuI 4% (1–11) 3% (2–6)
CH3CH2I 3% (1–8) 2% (1–4)
CH2BrI (% I) 1% (0.2–2) 1% (0.2–2)
sec-BuI 0.2% (0.01–1) 0.2% (0.02–0.3)
CHBr3 53% (19–76) 59% (45–64)
CH2Br2 21% (4–32) 23% (16–29)
CHBrCl2 12% (4–51) 7% (2–25)
CHBr2Cl 11% (0.2–23) 9% (6–14)
CH2BrCl 2% (0.3–5) 1% (1–3)
CH2Br–CH2Br 1% (0.1–2) 1% (0.4–1)
CH2BrI (% Br) 0.3% (0.1–1) 0.2% (0.1–0.4)
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of 57 pmol L−1 in the surface mixed layer (Carpenter et al., 2007),
which is approximately 8–10 times higher than the concentrations we
found (Table 2). For the iodinated compounds CH2I2 and CH2BrI, they
found concentrations approximately 10–20 times higher than ours. In
contrast, the concentrations of CH2ClI were similar. They suggest that
the elevated surface concentrations (78 pmol L−1 compared to underly-
ing waters of ~50 pmol L−1) originated from production of sea ice algae
in thewater column, even though they cannot rule out a possible produc-
tion inside the sea ice followed by a transport out in the water column.
Hughes et al. (2009) also found higher levels of CHBr3 and CH2Br2,
with concentrations of 280 and 30 pmol L−1, respectively. Their mea-
surements were also conducted close to land (4 km) with a bottom
depth of ca. 500 m. They suggested that these high concentrations
were related to a phytoplankton bloom based on coincidence of high
chlorophyll values. However, both these studies (Carpenter et al., 2007;
Hughes et al., 2009), are coastal measurements and are likely to contain
a high background of halocarbons from macro algal productions.
A more comparable dataset was presented by Butler et al. (2007),
where surface water and air measurements were performed during
the Blast III expedition Feb.–April 1996. Theymeasured average concen-
trations (~8 pmol L−1) of CHBr3 thatwere comparable to ours, and con-
cluded that some parts of the surface waters in the Southern Ocean
could act as both a source and a sink with respect to CHBr3.
3.3. Relationship between pigments and halocarbons
Biogenic halocarbon formation is strongly related to photosynthe-
sis and respiration (Abrahamsson et al., 2004b; Ekdahl et al., 1998;
Manley, 2002), and the magnitude of this production is species spe-
cific (Ekdahl, 1997; Hughes et al., 2006; Scarratt and Moore, 1996).
Pigment distribution in relation to species composition during our ex-
pedition has been described by Fragoso and Smith (2012). There was
no evident relationship between the total sum of organo-brominated
and ‐iodinated compounds and pigment concentrations in the Amund-
sen Sea (Fig. 4, Tables 2 and 3), which may have been due to the rela-
tively reduced influence of the water column relative to ice and snow.
No significant linear relationship was found (linear regression, confi-
dence interval 95% for slope of regression). In contrast, individual re-
gressions of measured halocarbons and pigments resulted in positive
linear correlations between the pigments chlorophyll c3, fucoxanthin,
19′-hexanoyloxyfucoxanthin, and chlorophyll a and the halocarbons
CH3I and CH3CH2I (Table 4). In addition, Spearman's rank correlation
testswere used to further investigate this relationship (i.e. to compensate
for skewness in the data). For the Amundsen Sea, our conclusions
remained unchanged, but for the Ross Sea, where fewer data were avail-
able, the Spearman's test resulted in weaker relationships (Table 4).
Stations close to McMurdo Sound were dominated by P. antarctica
(Fragoso and Smith, 2012), as indicated by the pigment ratio between
Fuco and 19-Hex (van Hilst and Smith, 2002), and this was the only
algal taxon that was associated with iodinated compounds. At diatom-
dominated Stations 9, 13, and 15 in the Amundsen Sea, and Stations
28 and 29 in the Ross Sea (Fragoso and Smith, 2012), no correlation
was found between pigments of the dominant alga group and halocar-
bons. These findings are supported by earlier studies, where iodinated
compounds were the only halocarbons that could be related to pig-
ments (i.e., 19-Hex; (Abrahamsson et al., 2004b). Consequently, in the
open ocean it is likely that pigments are poor predictors for halocarbon
production. This can also be seen in negative relationships that were
found between brominated organic compounds (not shown) and pig-
ments, indicating that the halocarbon concentrations may be an indica-
tor of another source (i.e., sea ice).
The time scales of turnover of phytoplankton and halogenated com-
poundsmay also be different. For example, phytoplankton growth rates
at these temperatures range between 0.2 and 0.6 d−1 (Eppley, 1972;
Smith et al., 1999), suggesting that a change in composition would re-
quire many days to weeks if assemblage composition were controlled
solely by growth. However, Smith et al. (2011b) showed that loss pro-
cesses (such as grazing by herbivores and aggregate formation) operate
at times over a few days to a fewweeks and are important in regulating
phytoplankton composition and biomass. In contrast, VHOC turnover
times are more variable, and in some cases might be substantially lon-
ger than those of phytoplankton. Hence, the signal of halocarbons
found may have been derived from a completely different phytoplank-
ton functional group that was present before the water was sampled.
Also, it has been shown that the smallest micro-organisms (nano- and
picoplankton) are the most efficient producers of halocarbons, and they
contribute to a smaller extent to the overall pigment concentrations in
polar waters (Abrahamsson et al., 2004b). The linear relationships
shown here are for confined areas, Amundsen or Ross Seas, with the
samewatermasses and similar species composition, and the VHOC back-
ground (indicated by confidence interval of the regression intercept, m,
Table 4) is relatively constant. Also, the halocarbons that show this rela-
tionship are the very short lived iodinated compounds which lifetimes
are closer to pigment turnover times than, for instance, bromoform. A de-
finitive relationship between VHOC and phytoplankton composition
awaits more controlled experiments conducted under in situ conditions.
3.4. Halocarbon production in sea ice
In general, the levels of halocarbons in brine exceeded those of sea
water, indicating a production and/or concentration in sea ice, and the
concentrations decreased as the expedition progressed (Fig. 5a,b,). The
Table 2
Mean concentrations of halogenated compounds and pigments in various environments sampled during the study. Ranges indicated in parentheses. Zmix=depth of the mixed
layer; n=number of observations.
Mean concentration(pmol L−1) Above Zmix Below Zmix
Amundsen Sean=47 Ross Sean=12 Amundsen SeaIce≥
50%n=31
Amundsen SeaIceb
50%n=16
Amundsen Sean=217 Ross Sean=78
CHBr3 7.22(3.17–13.7) 5.25(4.00–6.37) 8.1(4.01–13.7) 5.52(3.17–12.5) 4.74(1.34–12.7) 5.94(3.55–8.37)
CH2Br2 4.37(2.24–6.65) 2.99(2.68–3.3) 4.76(2.24–6.65) 3.55(2.45–5.36) 2.73(0.30–6.67) 3.4(2.45–5.02)
CHBr2Cl 1.53(0.81–3.54) 1.05(0.70–1.29) 1.73(0.81–3.54) 1.15(0.96–1.44) 1.43(0.01–3.85) 1.43(0.66–2.51)
CHBrCl2 2.79(1.19–13.8) 1.87(0.72–2.6) 3.2(1.19–13.8) 1.92(1.44–2.36) 2.93(0.90–16.1) 2.09(0.70–9.62)
CH2BrCl 0.46(0.18–1.06) 0.4(0.19–0.85) 0.46(0.18–1.06) 0.47(0.19–1.02) 0.37(0.092–0.91) 0.4(0.18–0.72)
CH2BrI 0.06(0.021–0.15) 0.03(0.014–0.05) 0.06(0.021–0.15) 0.05(0.033–0.06) 0.08(0.025–0.19) 0.08(0.015–0.16)
CH3I 2.48(1.17–4.25) 3.02(2.05–4.73) 2.41(1.17–4.25) 2.64(1.22–3.74) 1.71(0.78–4.41) 1.91(0.62–3.1)
CH3CH2I 0.3(0.087–0.72) 0.21(0.15–0.36) 0.28(0.087–0.48) 0.35(0.13–0.72) 0.2(0.048–0.47) 0.19(0.089–0.32)
CH3CH2CH2I 4.5(1.73–7.87) 3.99(3.08–4.64) 4.74(1.73–7.87) 3.99(2.93–5.12) 3.29(0.35–9.33) 4.45(2.74–7.39)
CH2ClI 1.12(0.18–3.12) 0.31(0.19–0.55) 1.37(0.18–3.12) 0.66(0.41–1.16) 0.65(0.005–2.94) 0.5(0.18–1.19)
sec-BuI 0.02(0.003–0.18) 0.02(0.006–0.03) 0.02(0.003–0.18) 0.01(0.004–0.02) 0.01(0.001–0.12) 0.01(0.001–0.03)
BuI 0.25(0.093–0.42) 0.21(0.13–0.28) 0.27(0.11–0.42) 0.21(0.093–0.35) 0.23(0.084–0.47) 0.26(0.14–0.45)
CH2I2 0.28(0.16–0.42) 0.45(0.28–1.07) 0.28(0.16–0.4) 0.29(0.18–0.42) 0.39(0.14–0.88) 0.47(0.24–1.13)
CCl3CH3 3.02(1.74–3.94) 4.54(3.67–9.62) 3.15(1.74–3.94) 2.76(2.13–3.38) 2.37(0.43–9.99) 5.27(3.79–8.41)
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measured production rates in brine for brominated compounds varied
between −1.7 to 19 pmol L−1 d−1, and for iodinated species the
range was from −1.7 to 6.5 pmol L−1 d−1 (negative values indicated
that degradation processes exceeded rates of production; Supplementa-
ry material) . This degradation could be attributed to bacterial or photo-
chemical oxidation, as suggested by Theorin et al. (2002) and Karlsson
Fig. 4. Vertical sections of halocarbons and pigments from the surface layer (upper 80 m) from the Amundsen (left) and Ross Seas (right). Distance is taken fromWest to East within
each transect occupied. The upper two rows of panels depict the sum of all bromated and iodated compounds, whereas the lower 4 rows of panels show the concentrations of the
pigments. Ice concentrations are indicated at the top (white=100%, blue=50%, green=0%).
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et al. (2012). Chlorophyll a or pigmentswere notmeasured in brine sam-
ples, which made a direct comparison with earlier work impossible
(Sturges, 1997; Sturges et al., 1992). The differences seen in the produc-
tion rates aremost likely due to species composition and their physiolog-
ical status. However, the production rates measured by Karlsson et al.
(2012) and Theorin et al. (2002) were comparable to ours. Interestingly,
theproduction anddegradation of halocarbons in sea ice does not appear
to differ between the Arctic and theAntarctic, and there seems to be little
seasonal influence in their production other than the dynamics of sea ice
formation and melting.
3.5. Sea ice as a source of halocarbons
The relationship between high concentrations of halocarbons and
sea ice coverage was, as described above, a major feature. For gaseous
compounds in water, sea ice is thought of as a barrier for air–sea
exchange. It has been shown that halocarbons produced in sea ice
can diffuse in brine channels (Granfors et al., 2012; Loose et al.,
2011; Shaw et al., 2011) and sea ice could thereby act as a source
for atmospheric halocarbons, as well as for surface waters. During
late summer, when the sea ice is melting, the diffusion should be larg-
er as suggested by (Shaw et al., 2011), which could then be the cause
of the elevated concentrations found in surface water and air.
In order to investigate the importance of sea ice and snow for the
flux of halocarbons to the atmosphere, experiments were performed
to determine the formation/release of halocarbons. For CHBr3 the calcu-
lated release varied between 0.6 and 9 pmol L−1d−1 in ice and 0.5–
7 pmol L−1 d−1 in snow, and the corresponding numbers for CH2ClI
were 0.1–0.9 pmol L−1 d−1 in ice and 0.1–1 pmol L−1d−1 in snow
(n=7). Again, these values are comparable to release rates from the
Arctic Ocean (Karlsson et al.) in snow for CHBr3, although themaximum
release rate for CH2ClI was 10 times lower.
Atmospheric halocarbons that have been naturally produced could
have two sources: sea ice/snow and surface sea water. To establish
which of the two that was most important, saturation anomalies were
calculated for the systems sea ice/air and surface water/air. The satura-
tion anomalies, SA (%), for CHBr3 and CH2ClI were determined by the
equation:
SA ¼ Cw−Ca=H
Ca=H
 100% ð2Þ
where Cw=concentration in brine or sea water, Ca=concentration in
air, andH=temperature dependent Henry's law constants, determined
by Moore et al. (Moore et al., 1995). They stated that they are valid in
the salinity range 30±5. The brine salinity in this study varied between
30 and 36, and no correction for ionic strength was therefore needed.
CHBr3was found to be bothover- and under-saturated in brine at differ-
ent stations, with SA varying between−61 and 97% (Fig. 5a, Table 5).
Highest over-saturation coincided with elevated CHBr3 concentrations
in air. Production time studies also showed that all halocarbonswere re-
leased from sea ice as well as from snow (see supplemental material).
CH2ClI was over-saturated in brine at all stations, varying between 91
and 22, 000% (Fig. 5b, Table 5).
Table 3
Mean concentrations of phytoplankton pigments in the Amundsen and Ross Seas. Chl a=chlorophyll a; Chl c3=chlorophyll c3; But=19′‐butanoyloxyfucoxanthin; Fuco=fucoxanthin;
19-Hex=19′-hexanoyloxyfucoxanthin. Ranges indicated in parentheses. Zmix=depth of the mixed layer; n=number of observations.
Mean concentrationμg L−1 Above Zmix Below Zmix
Amundsen Sean=47 Ross Sean=12 Amundsen SeaIce≥
50%n=31
Amundsen SeaIceb
50%n=16
Amundsen Sean=217 Ross Sean=78
Chl a 3.01(0.16–10.4) 3.77(0.46–8.37) 1.83(0.16–10.4) 5.03(0.84–9.28) 1.4(0.007–9.03) 2.32(0.026–6.75)
Chl c3 0.11(0.001–0.42) 0.72(0.009–2.7) 0.08(0.001–0.37) 0.19(0.003–0.42) 0.07(0–0.36) 0.34(0.001–1.48)
But 0.02(0.001–0.31) 0.02(0.001–0.04) 0.02(0.005–0.31) 0.01(0.001–0.02) 0.01(0–0.03) 0.01(0.002–0.03)
Fuco 0.17(0.012–0.82) 0.55(0.145–1.15) 0.11(0.022–0.27) 0.3(0.012–0.82) 0.12(0–0.73) 0.37(0.018–1.08)
19-Hex 0.21(0.004–1.15) 1.34(0.008–3.61) 0.18(0.011–1.15) 0.29(0.004–0.85) 0.13(0–0.85) 0.87(0.023–2.59)
Table 4
Slopes (k), intercepts (m) and their corresponding confidence intervals (95%) derived from linear regressions between phytoplankton pigments (But=19′‐butanoyloxyfucoxanthin,
Fuco=fucoxanthin, 19-Hex=19′-hexanoyloxyfucoxanthin) and halocarbons for the Amundsen and Ross Seas. Also, Spearman's rank correlation coefficients, ρ, p-values and the number
of measurements, n, are given in the second row.
Amundsen Sea Ross Sea
CH3I CH3CH2I CH3I CH3CH2I
k m k m k m k m
Chl a 0.13±0,05 1.9±0.16 0.02±0.01 0.21±0.020 0.12±0.08 2.2±0.27 ns
ρ, p, n 0.63, (bb0.001), 131 0.55, (bb0.001), 124 0.33, (0.04), 39 w
Chl a (>20 μm) 0.23±0.12 2.0±0.17 0.04±0.01 0.22±0.021 0.22±0.18 2.2±0.35 0.02±0.02 0.16±0.031
ρ, p, n 0.56, (bb0.001), 117 0.46, (bb0.001), 111 0.43, (0.02), 32 0.33, (0.07), 32
Chl a HPLC 0.26±0.15 2.0±0.24 0.03±0.02 0.23±0.026 ns ns
ρ, p, n 0.62, (bb0.001), 72 0.48, (bb0.001), 67 w w
Chl c3 2.62±1.43 2.1±0.23 0.26±0.16 0.23±0.025 0.46±0.39 2.5±0.30 0.05±0.02 0.17±0.018
ρ, p, n 0.39, (bb0.001), 72 0.37, (bb0.001), 67 w w
But ns ns ns ns
ρ, p, n w w w w
Fuco 1.65±1.09 2.1±0.25 0.24±0.12 0.22±0.026 ns ns
ρ, p, n 0.72, (bb0.001), 72 0.58, (bb0.001), 67 w w
19-Hex 1.25±0.66 2.1±0.22 0.13±0.07 0.23±0.024 ns 0.02±0.02 0.17±0.025
ρ, p, n 0.43, (bb0.001), 72 0.51, (bb0.001), 67 w w
k=regression slope ([pmol VHOC] [μg pigment]−1).
m=regression intercept ([pmol VHOC] L−1).
ns=not significant (k positive in the entire confidence interval (95%)).
w=weak correlation (here defined as ρb0.3).
n=number of samples.
ρ=Spearman's rank correlation coefficient.
p=probability.
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CHBr3 was under-saturated in surface waters throughout the
Amundsen Sea, with saturation anomalies ranging between −83 and
−8% (Fig. 5a, Table 6), with the highest undersaturation in the surface
water (Ice station 4, −83%) coinciding with highest oversaturation in
brine (97%). This implies that sea water was not the dominating source
of CHBr3 in air; conversely, it implies that a sea-ice environment may
be a major contributor to the atmosphere. As can be seen in Fig. 5, the
variation in saturation anomalies mostly depends on the concentration
of the halocarbons in air. In earlier work by Carpenter et al. (2007), a
meanmixing ratio of the halocarbons in airwas used to calculate the sat-
uration anomaly. Their approach of usingmeanmixing ratios results in a
smoothed distribution,whereas our data accounts for spatial and tempo-
ral variations.
The calculated saturation anomaly for CH2ClI in the surface water
suggested that CH2ClI was oversaturated in the Amundsen Sea, varying
between 9 and 1200% (Fig. 5b, Table 6), although it was lower when
compared to the saturation anomaly in brine. One explanation for this
difference in the saturation anomalies between CHBr3 and CH2ClI is
the different atmospheric half-lives, where the half-life for CH2ClI is as
short as 0.1 day compared to the CHBr3 half-life of 26 days (Law et al.,
2007) . CH2ClI therefore quickly degrades in air when released from
the sea ice or surfacewater (i.e., the atmosphere acts as a sink for CH2ClI).
4. Conclusions
The distributions of halocarbons in the Amundsen and Ross Seas
are mainly influenced by the presence of sea ice. This is supported
by several findings: halocarbon concentrations in surface waters in
ice-covered areas exceeded those of the biologically productive surface
layer in the two polynyas; elevated concentrations of halocarbons were
measured in brine; and surface waters in open waters were under-
saturated with respect to bromoform. The halocarbon distribution in
the two seas differed considerably, mainly due to the large Ross Sea po-
lynya and the formation of high salinity shelf water in the western Ross
Sea. Halocarbons were found not to be a homogenous group of com-
pounds, and they could be divided into two groups depending on the
halogen involved. Iodinated compounds, with relatively shorter envi-
ronmental half-lives in sea water, could be related to the abundance
of Phaeocystis in the Ross Sea, whereas brominated forms may be relat-
ed more to community processes in conjunction with the unique phys-
ical environment provided by ice and snow. Saturation anomalies for
the sea water/air and ice/brine/air systems also showed that sea ice
was a major source of naturally produced halocarbons for the atmo-
sphere, and in particular CHBr3 and CH2ClI. It can be concluded that
the surface mixed layer of Antarctic seas acts both as a source and a
sink for volatile halogenated organic carbons.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.marchem.2012.07.002.
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Fig. 5. Derived saturation anomalies in surface water (blue line), surface water concen-
trations (red line) and air concentrations (green line) for a) bromoform (CHBr3) and
b) chloroiodomethane (CH2ClI). On the horizontal axes the distance along the transect
is shown, starting in the East of the Amundsen Sea and continuing West into the
Amundsen Sea polynya, and into the Ross Sea and its polynya, ending in McMurdo
Sound. The blue dots are the derived saturation anomalies of the compound in the
brine from the sea ice. The saturation anomalies are shown on the left vertical axes
(units: pmol L−1), where positive values represent oversaturation in the surface
water and brine, and negative values undersaturated in surface water and brine.
Table 5
Saturation anomalies given in percent for CHBr3 and CH2ClI in brine samples. The sat-
uration anomalies are calculated with Eq. (2). Positive anomalies indicate an
oversaturation in the brine, negative values, an undersaturation.
Station
number
Latitude (°S) Longitude (°W) CH2ClI(brine)
Saturation
anomaly (%)
CHBr3 (brine)
Saturation
anomaly (%)
1 −70.19 −105.19 22000 37
2 −70.97 −105.22 2200 97
3 −71.42 −106.59 11000 −14
4 −72.66 −117.94 8500 61
5 −71.7 −126.81 330 −61
6 −71.79 −132.64 1400 −44
7 −78.39 −164.22 91 −30
Table 6
Average percent saturation anomalies for two halocarbons in sea water from different
regions. The saturation anomalies are calculated with Eq. (2). Range of the saturation
anomalies indicated in parentheses.
Compound Amundsen Sea Ross Sea Marginal Sea
CH2ClI (%) 320(9–1200) 150(−6–450) 210(30–600)
CHBr3 (%) −53(−83–−8) −35(−65–11) −30(−48–0)
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